Introduction
============

Between 1990 and 2010, México was one of seven countries with the highest annual net loss of forest area, with an approximate deforestation rate of 500,000 ha per year ([@ref-16]; [@ref-59]). In Durango, México, from 1986 to 2012, a total area between 886,679 and 1,398,328 hectares of temperate forest cover were lost due to different types of disturbances, which represented 29--34% of the total forest area in the State ([@ref-45]). This growing degradation of Mexican forests, caused by the loss of temperate forest cover, contributes to the annual deficit of approximately 30 million cubic meters of wood, which is due to the increase in national consumption of this raw material and the 20% increase in demand for forest products in North America ([@ref-17]; [@ref-12]; [@ref-61]). It is necessary to promote genetic improvement programs that allow the safeguarding, propagation and improvement of genotypes of high ecological, commercial and cultural value ([@ref-44]; [@ref-76]; [@ref-24]). Likewise, genetic improvements may allow for the obtaining of better survival and productivity results in commercial forest plantations, which in México have an approximate annual mortality rate of 45% ([@ref-42]; [@ref-58]).

In northern México and the southern United States of America, *Pinus engelmannii* and *P*. *arizonica* Engelm var. *arizonica* are two of the most important conifers from an ecological and commercial standpoint ([@ref-8]; [@ref-19]; [@ref-5]; [@ref-18]). In addition, *P. engelmannii* is one of the most utilized species in northern México in commercial forest plantations, since this species' wood has a high demand and economic value ([@ref-52]). *P. engelmannii* trees can reach up to 35 m in height and up to 100 cm in diameter ([@ref-5], [@ref-6]). *P*. *arizonica* trees can reach up to 25 m in height and 80 cm in diameter, with a straight trunk and a natural self-pruning that helps reduce mechanical and asthetic defects in the wood ([@ref-8]; [@ref-19]). *P*. *engelmannii* needles present 6--23 stomata rows on the dorsal side and 5--9 rows on the ventral side; while *P*. *arizonica* needles have 3--8 rows on the dorsal side and 3--7 rows on the ventral side ([@ref-19]). [@ref-78] described that pine species trees from Durango, México, that have fewer stomata rows on the dorsal and ventral sides of the needles, are more stress-tolerant and have a tendency to grow in semi-arid environments.

The genetic improvement of forest species is mainly carried out in asexual seed orchards (ASO) and in clone banks (CB). In ASO, genetically enhanced seed is produced through open or controlled pollination ([@ref-66]) and in CB, it is possible to produce identical clones through vegetative propagation ([@ref-41]; [@ref-62]; [@ref-47]). Grafting is the most widely used method of vegetative propagation to establish ASO and CB in the genus *Pinus* ([@ref-30]; [@ref-66]; [@ref-71]; [@ref-53]).

A graft is the union of a rootstock and a scion of different origin, which form a new combination of cells that gives rise to a new plant ([@ref-40]; [@ref-82]). Grafts can be intraspecific (scion and rootstock of the same species) or interspecific (scion and rootstock of different species) ([@ref-48]), and both types have been used in coniferous grafting ([@ref-34]; [@ref-7]). The most commonly used grafting techniques in *Pinus* species are top cleft and side-veneer ([@ref-65]; [@ref-13]; [@ref-53]). Although in many cases coniferous grafting has been successfully achieved ([@ref-27]; [@ref-2]), in *P. engelmannii* Carr., the survival rate has been low ([@ref-53]).

The following are the main factors involved in the success rate of coniferous and other vegetal species grafting: The technique used in grafting, the skill level of the person doing the grafting, rootstock quality, scion's vigor, origin of scions and rootstocks ([@ref-30]; [@ref-34]; [@ref-82]), position of the scions in the crown of donor trees, the age of scion donor trees, genetic, taxonomic and anatomical characteristics ([@ref-34]; [@ref-27]; [@ref-53]), cell compatibility of the scion with the rootstock, the correct connection of cell tissue and the presence or absence of growth regulators hormones (gibberellins, auxins and cytokinins, for example) ([@ref-68]; [@ref-50]; [@ref-39]).

Another factor that can influence the success of grafting is the amount of resin channels in parent species. *P. engelmannii* has more resin channels than *P. arizonica* ([@ref-19]), and [@ref-53] found that a larger amount of resin channels in the scion lead to a smaller percentage of graft compatibility.

Elongation of grafts can be observed in the first or second month after grafting ([@ref-53]). Flowering can occur on the grafts 2 years after grafting has taken place. However, the seed production time of grafts in *Pinus* species can vary from 5 to 7 years, depending on the species ([@ref-35]; [@ref-49]). One method that is used to accelerate seed production in grafts is the application of hormones, such as gibberellins ([@ref-25]; [@ref-49]).

Although grafts may sometimes show adequate initial growth and flowering ([@ref-53]), mortality can occur due to possible incompatibility between the scion and the rootstock after germplasm production, even 5 years or more after grafting ([@ref-30]; [@ref-69]; [@ref-68]). The origin of this incompatibility can be genetic and/or anatomical ([@ref-34]; [@ref-53]).

Using hybrids can be an alternative to improve commercial plantations and restore degraded forest ecosystems ([@ref-33]; [@ref-64]). Natural hybridization between *Pinus* species can be detected through morphological analysis ([@ref-19]), but it is better to apply molecular markers techniques, such as AFLP ([@ref-5]; C. Wehenkel et al., 2020, unpublished data). In certain regions of the state of Durango, putative hybrids have been observed as a product of natural cross between *Pinus* species, such as *P. engelmannii* × *P. arizonica*, which have adapted to sites with adverse climatic conditions ([@ref-5]).

In grafting, the use of hybrids has been studied in conifer species ([@ref-38]; [@ref-31]), however, in pines, it has not been studied much ([@ref-34]). In contrast, some plants, such as tomato and watermelon have been studied extensively, and survival levels greater than 80% have been reported ([@ref-15]; [@ref-77]; [@ref-80]).

Survival models are very useful to make predictions about the probability of survival and death through the time, as a function of two or more treatments ([@ref-32]; [@ref-79]). The development of models, such as the Cox proportional hazards model, Weibull accelerated failure time model, Weibull risk function, as well as the Logit model, have had great application in clinical analyzes ([@ref-67]; [@ref-72]; [@ref-11]). However, they have been scarcely used in forestry research ([@ref-53]).

The objective of this study was to determine the survival in *P. engelmannii* grafting by using scions, both from pure species donor trees and putative hybrids identified with AFLP, as well as the influence of the position of the scion in the donor tree crown (upper third and middle third). The rootstocks were produced using seeds from a stand that was identified as pure species *P*. *engelmannii*, on the basis of its morphological characteristics. The possible effect of six graft variables of the scions and rootstocks on the probability of survival, at 5 months after grafting, was also evaluated. In this study, we successfully applied several of the models mentioned above, which can also be useful in enriching statistical analysis in future forestry research.

Materials and Methods
=====================

Place of origin and preparation method of rootstocks
----------------------------------------------------

The seed to produce the rootstocks was collected in a natural stand of *P. engelmannii* trees located in Empalme Purísima, municipality of Durango, Dgo., México, at coordinates 23°55′48.1″N and 105°05′43.0″W, at 2,480 m elevation. In this stand, no morphological evidence of natural hybridization was observed, for which reason the rootstocks produced were considered pure trees of said specie. For 11 months the rootstocks grew in 77-cavity, expanded polystyrene seedling trays with 170 mL per cavity. Afterwards, the plant grew for 19 months in black polyethylene 5 L bags (20 cm in width and 30 cm in length). At the time of grafting, the rootstocks were 2.5 years old. During this period, the plants reached an average neck diameter of 18.4 mm and an average height of 17.4 cm.

Selection of donor trees and collection of scions
-------------------------------------------------

The scions were collected in a free access natural stand located in the area known as El Río, in the Ejido La Casita, municipality of Durango, Dgo., México, at coordinates 23°43′26.8″N and 104°47′27.1″W, at an elevation of 2,335 m. A permit for the collection of samples in the field was not required, since the species studied are not under any conservation status. The scions were collected on March 15, 2018, from a seed producer stand consisting of both tree types, pure species *P. engelmannii* and *P. engelmannii* × *P. arizonica* hybrids, detected by AFLP and morphological traits (analyzed by [@ref-5]).

Scions' donor trees were divided in the two categories of hybrids and trees of the pure species, based on the membership probabilities (MP) of each individual to pure *P. engelmannii* (pure trees corresponded to an MP larger than 0.945, while the hybrids' MP was smaller than 0.610). Three trees were chosen from each category; the growth and vigor of each was similar between these two categories within the stand ([@ref-5]).

The average age of the three trees of the pure species was 37 years, with a height of 13 m and diameter of 30 cm on average. The average age of the hybrid trees also was 37 years, with a height of 14.5 m and a diameter of 36 cm on average. During the collection of the donor trees scions, selected from the pure species of *P. engelmannii* and *P*. *engelmannii* × *P*. *arizonica* hybrids, the following morphological differences were detected between the studied groups of trees: Conical crown in the trees of the pure species and irregular shaped crown in the hybrids trees, slightly hanging branches in the lower part of the hybrid tree crowns, while more erect branches in the whole crown of the trees of the pure species ([Figs. 1A](#fig-1){ref-type="fig"} and [1B](#fig-1){ref-type="fig"}). The cone size of the *P*. *engelmannii* × *P*. *arizonica* hybrids was smaller than the cones of the pure species *P*. *engelmannii* ([Figs. 1C](#fig-1){ref-type="fig"} and [1D](#fig-1){ref-type="fig"}). Erect fascicles in the trees of the pure species and fallen fascicles in hybrids ([Figs. 1E](#fig-1){ref-type="fig"} and [1F](#fig-1){ref-type="fig"}).

![Morphological characteristics of pure species of *Pinus engelmannii* and *P*. *engelmannii* × *P*. *arizonica* hybrid.\
(A) Tree of the pure species; (B) hybrid tree; (C) cones of pure species; (D) cone of hybrid; (E) fascicles of pure species; (F) fascicles of hybrid. Photo credit: M. Socorro González Elizondo.](peerj-08-8468-g001){#fig-1}

From the crown of each donor tree, 20 scions were collected from the upper third and 20 from the middle third. Each scion had an approximate length of 20 cm. In order to safely transport the scions to the grafting site, they were packed in rectangular 72 L plastic boxes containing sawdust moistened with a solution of Captán^®^ fungicide at a dose of 3 gL^−1^, to prevent the drying of the scions and their contamination by fungi. Of the 20 scions collected from each tree, only 10 were selected to be grafted. The selection of these scions was made according to their possibility of diameter size tie with the rootstocks.

Grafting
--------

The grafting was done in the nursery at the Instituto de Silvicultura e Industria de la Madera de la Universidad Juárez del Estado de Durango (ISIMA-UJED). The grafts were placed in a greenhouse of 6 × 8 × 3 m of width, length and height, respectively, with a white plastic cover. To reduce the temperature inside the greenhouse, two shade meshes were placed above the roof, with an average spacing of 30 cm between them. The upper mesh had 70% light retention and the lower mesh had 50% light retention.

A total of 120 grafts were made using *P. engelmannii* rootstocks; 60 of these grafts were done with scions from *P*. *engelmannii* × *P*. *arizonica* hybrid donor trees, and the other 60 with scions from pure species of *P*. *engelmannii* trees. The grafting was done on March 16, 2018, 1 day after the scions were picked. The side-veneer grafting technique described by [@ref-43] and [@ref-53] was used.

The graft substrate was watered every 3 days and as a complement in each irrigation, triple 19 water-soluble fertilizer (N-P-K) was applied at a dose of 3 gL^−1^. Fertigation was carried out during the 5 months of evaluation, using a 7 L manual watering can. In addition, from the 2nd month after grafting (May 2019) Promyl^®^ fungicide was applied to plants' substrates through irrigation at a dose of 2 gL^−1^ to prevent fungal damage. This activity was carried out every 8 days for a month.

Treatments, variables evaluated and statistical analysis
--------------------------------------------------------

Four treatments were evaluated: Two types of donor trees (*P. engelmannii* × *P*. *arizonica* hybrids and pure species *P. engelmannii*) and two positions of the scions in the donor tree crown (middle and upper third). Each graft represented an experimental unit, and there were 30 repetitions for each treatment, distributed under a randomized block arrangement.

Before grafting, the following graft variables corresponding to the scions and rootstocks were recorded: Scion length (SL), scion diameter (SD), rootstock height (RH), rootstock diameter at the root crown (RD), graft height (GH) and RD at graft height (GD). The sections of scions and rootstocks measured for obtaining the grafts variables are described in [Fig. 2](#fig-2){ref-type="fig"}.

![Measured sections to obtain the graft variables in side veneer grafts of *Pinus*.\
(A) Variables in rootstocks and grafts; (B) variables in scions. Photo credit: Alberto Pérez Luna.](peerj-08-8468-g002){#fig-2}

An analysis of variance (one-way ANOVA) was performed in the R program ([@ref-55]), finding significant differences between the pure species and hybrid donor trees in regard to the values of each analyzed graft variable ([Table 1](#table-1){ref-type="table"}).

10.7717/peerj.8468/table-1

###### Values of the analyzed variables in grafts with scions from trees of the pure species of *Pinus engelmannii* and from *P*. *engelmannii × P. arizonica* hybrids, on *P*. *engelmannii* rootstocks.

![](peerj-08-8468-g007)

  Graft variable                                 Minimum   Mean ± standard deviation   Maximum   Variation coefficient   *p*-value one-way ANOVA
  ---------------------------------------------- --------- --------------------------- --------- ----------------------- -------------------------
  Scion length (SL-cm)                           4.0       8.1 ± 2.0                   15.0      0.25                    \<0.0001
  Scion diameter (SD-mm)                         8.0       13.5 ± 2.4                  21.5      0.18                    \<0.0001
  Rootstock height (RH-cm)                       11.0      17.4 ± 3.9                  30.0      0.22                    \<0.0001
  Rootstock diameter at the root crown (RD-mm)   11.0      18.4 ± 3.6                  27.5      0.19                    \<0.0001
  Graft height (GH-cm)                           3.0       7.7 ± 2.4                   15.0      0.30                    \<0.0001
  Rootstock diameter at graft height (GD-mm)     9.6       15.4 ± 2.9                  24.1      0.18                    \<0.0001

After grafting, graft survival was evaluated as a response variable each month for 5 months. As independent variables, the type of scion donor tree (hybrid or tree of the pure species) (TDT), the position of the scion in the donor tree crown (SPC) and the graft variables obtained from the scions and rootstocks were considered. The normality of the graft variables was evaluated with the Kolmogorov--Smirnov test. To evaluate the effect of the treatments on survival, an analysis of variance and a comparison test of means, with a proposed initial value of α = 0.05, were performed with the data obtained in each month.

Before carrying out this test and in order to reduce the probability of committing a type I error, the Bonferroni correction was applied to adjust the level of significance ([@ref-75]), resulting in the corrected α value = 0.0083, which was obtained by dividing the initial value of alpha by the number of parallel comparisons (0.05/6 = 0.0083). The same adjustment and corrected alpha value (0.0083) was used in the analysis of all the survival models described below.

Also, a Pearson's correlation test was performed to detect the possible multicollinearity between the analyzed graft variables, and thus be able to discriminate the redundant variables in the adjustment of the evaluated survival models. In addition, two models were adjusted to determine the probability of graft survival based on the treatments evaluated. These models were the Logit function and the Weibull accelerated failure time model. All the statistical tests described were performed on the free software platform R ([@ref-55]).

Adjustment in the logit model
-----------------------------

To assess the effect of treatments and graft variables on the probability of occurrence of successful events (graft survival) at the end of the evaluation period, the non-parametric Logit model ([@ref-26]; [@ref-32]), was adjusted with the "aod" package of the R platform ([@ref-55]). The Logit model is defined by the following equation: $$\documentclass[12pt]{minimal}
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}{}$p\left( {{x_i}} \right) = \; \displaystyle{1 \over {1 + {e^{ - ({\rm\alpha}\,+ \mathop \sum \nolimits{{\rm\beta} _i}{x_i})}}}}$\end{document}$$Where: *p*(*x*~i~) is the probability of occurrence of an event to be evaluated (in this case the survival of grafts) of the response variable, which is inversely proportional to an exponential function elevated to the sum of the intercept α and *n* predictors *x*. The Logit model works with dichotomous (dummy) and discrete variables. Likewise, the adjustment of the Logit model generates estimators of the β coefficients for the predictors; if the value of the estimator is positive, the probability of occurrence of the successful event (*p*(*x*~i~)) increases when the value of the respective independent variable (*x*~i~) increases by one unit, and if the estimator is negative, the probability of the successful event decreases by increasing the value of the independent variable by one unit ([@ref-32]).

Furthermore, the Logit model generates the odds ratio that allows determining the probability of occurrence of the event to be evaluated (survival rate) ([@ref-9]; [@ref-32]; [@ref-1]). The equation to calculate the odds ratio is: $$\documentclass[12pt]{minimal}
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}{}${\rm{Odds}}\; {\rm{ratio}} = \displaystyle{{p\left( {{x_1}} \right)\left( {1 - p\left( {{x_0}} \right)} \right)} \over {p\left( {{x_0}} \right)\left( {1 - p\left( {{x_1}} \right)} \right)}}$\end{document}$$Where *p*(*x*~1~) is the probability of the occurrence of the graft survival event with hybrid donor tree scions and *p*(*x*~0~) is the probability of graft survival with pure species donor tree scions. The interpretation of the odds ratio is always relative, since its value is dimensionless and is obtained by dividing the product of multiplying the probability of graft survival with hybrid tree scions (*p*(x~1~)) by the probability of graft mortality with scions from trees of the pure species (1 − *p*(x~0~)), divided by the product of multiplying the probability of graft survival with scions from trees of the pure species (*p*(*x*~0~)) by the probability of graft mortality with hybrid tree scions (1 − *p*(*x*~1~)) ([@ref-9]; [@ref-32]; [@ref-1]).

To calculate the odds ratio, the most successful treatment of the event to be evaluated is used as a reference; that is, if the odds ratio of survival is desired to be obtained, the first factor of the numerator ([Eq. 2](#eqn-2){ref-type="disp-formula"}), will be the *p*(*x*~i~) of the treatment with the highest proportion of living specimens, which in this study was the graft of hybrid tree scions (*x*~1~ = 1), that is to say *p*(*x*~1~) and therefore the first denominator factor will be *p*(*x*~0~), which is the proportion of live grafts coming from the other treatment (scions from trees of the pure species).

However, the odds ratio can also be calculated in another way, through an operation that involves the relative frequencies of the living and dead specimens of each treatment under study ([Eq. 3](#eqn-3){ref-type="disp-formula"}) ([@ref-32]).
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Where: *a* is the relative frequency of hybrid tree scion grafts (*x*~1~ = 1) that are alive at the end of the evaluation period and *c* is the relative frequency of grafts with scions from trees of the pure species (*x*~0~ = 0) that are found alive at the end of that period, while *b* and *d* are the relative frequencies of dead grafts of hybrid tree scions (*x*~1~ = 1) and scions from trees of the pure species (*x*~0~ = 0), respectively.

In the study, graft survival was considered as the event to be evaluated. To evaluate it, dead grafts were coded with zero (0), while live grafts were coded as one (1), in order to obtain the odds ratio of the most successful treatment (survival) and contrast it with the treatment of least survival. In the case of the variables referring to the type of scion donor tree and the scion position in the donor tree crown, the following dichotomous coding was used: grafts with pure species tree scions (0) and grafts with hybrid tree scions (1); grafts with scions from the upper third of the crown (0) and grafts with scions from the middle third of the crown (1).

Adjustment of the Weibull accelerated failure time model and the Weibull risk function
--------------------------------------------------------------------------------------

Graft survival was analyzed with a Weibull accelerated failure time model (AFT) under a two-parameter Weibull distribution to obtain the graft mortality risk ratio (hazard ratio) based on the evaluated treatments and variables. The AFT model was adjusted with the R "survival" library ([@ref-55]). For this, the variables TDT (type of donor tree), SPC (scion position in the crown) and the graft variables were used as predictor variables. The AFT model is a logarithmic-linear variant of the Weibull distribution model ([@ref-70]), and allows estimating the effect of a variable or set of variables on the duration of survival, which helps to estimate the average time (T) in which there is at least one failure (illness or death) ([@ref-10]; [@ref-79]). This model is defined as:$$\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$In\left( T \right) = \; {\rm\alpha} + \; {\rm\delta} x + \; {\rm\sigma} \varepsilon$\end{document}$$Where: *In*(*T*) is the natural logarithm of the average time (*T*) in which it is estimated that there will be at least one mortality (failure) event among the evaluated variables (live grafts), α is the scale parameter, δ it is the coefficient of the explanatory variable, which in the AFT model is known as the "acceleration factor," σ is the shape parameter of the model and ε is the error of the distribution function ([@ref-20]). All these parameters were estimated with the "*survival*" library of the R program ([@ref-55]). In the AFT model, if δ \< 0 the survival time decreases due to the effect of the variable *x*, if δ = 0 the effect of *x* is constant, so the survival time does not increase or decrease due to the effect of any change in the value of the variable *x*, and if δ \> 0 the survival time increases due to the effect of the variable *x*. To interpret the value of δ linearly, it is necessary to apply this coefficient as an exponent, that is, *e*^(δ)^ ([@ref-54]). It is important to mention that if δ \< 0 the value of α increases, and if δ \> 0 the value of α decreases, keeping the value of σ constant in both cases. Therefore, the effect of the predictor variable *x* is multiplicative (logarithmic) on the time scale, so it is said that this model accelerates (increases or decreases) the estimated average survival time of the specimens studied up to time *T*, which depends on the effectiveness or ineffectiveness of the treatments evaluated. Said time *T* is always longer than the duration of the evaluation ([@ref-10]; [@ref-21]; [@ref-79]). On the other hand, it is also necessary to apply the exponent "time" *T*(*e*^(*T*)^) to obtain a linear result of the estimated survival time after the graft evaluation period.

In addition, this study allowed adjusting the Weibull risk function to estimate the probability of occurrence of negative events (graft mortality). To make this adjustment, the "SurvRegCensCov" library was used, which allows transforming the AFT model into the Weibull risk function, which is defined as: $$\documentclass[12pt]{minimal}
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}{}$h\left( t \right) = {\rm\lambda} {\rm\gamma} {\left( {t{e^{ - {\rm\beta} x}}} \right)^{{\rm\lambda} - 1}}{e^{ - {\rm\beta} x}}$\end{document}$$Where: *h(t)* is the risk function, λ is the model form parameter (λ \> 0), γ is the scale parameter (γ \> 0), β is the explanatory variable coefficient, which can take values between positive and negative infinity ([@ref-10]). Finally, *t* is the average elapsed survival time in which graft mortality events occurred at some moment within the evaluation period (note that *t* \< *T*), when the start of the first monthly evaluation is considered as the study origin. The values for the parameters λ, γ and β are estimated with the following equations, that imply the use of the parameters calculated for the above AFT model ([Eq. 4](#eqn-4){ref-type="disp-formula"}): $$\documentclass[12pt]{minimal}
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In turn, the Weibull risk function allows obtaining the risk coefficient or ratio (hazard ratio, HR) of an explanatory variable (*x*), which measures a specimen's probability of death based on said variable, over a time (*t*) previously defined by the researcher. If λ \> 1 the value of HR increases, while HR decreases if λ \< 1 ([@ref-10]; [@ref-79]). If the value of the hazard ratio is 1.0, means that the risk of death is equal between treatments; if the value of the hazard ratio is less than one, it means a reduction in the risk of death in one of the treatments, while if the hazard ratio is greater than one, the risk of death increases in one of the treatments ([@ref-10]; [@ref-21]) The HR is determined by the following equation ([@ref-29]): $$\documentclass[12pt]{minimal}
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The parameters β and λ of the HR equation ([Eq. 9](#eqn-9){ref-type="disp-formula"}), are the same parameters calculated for the Weibull risk function ([Eq. 5](#eqn-5){ref-type="disp-formula"}).

The Weibull risk function model uses dummy variables to predict the HR. To perform survival analysis on the R platform, the "censored" data is used to indicate living specimens, which are coded with a zero (0) ([@ref-51]). The censored data are those specimens which are alive at the end of the evaluation, and are named that way because it is not possible to know precisely at what time they will experience the death event. Therefore, dead grafts at the end of the evaluation period were coded with a one (1). The donor-tree type (TDT) and scion position in the donor's tree crown (SPC) were coded as follows: Grafts made with scions from trees of the pure species (0) and grafts made with hybrid tree scions (1); grafts with scions from the upper third of the crown (0) and grafts with scions from the middle third of the crown (1).

Results
=======

Survival rate
-------------

[Figure 3](#fig-3){ref-type="fig"} shows the results of grafts survival during the first 4 months of evaluation. In the 1st month after grafting, the survival condition of the scion grafts from the middle third of the crown of hybrid trees was total, while the treatment with lower survival was that of scion grafts from the upper third of the crown of trees of the pure species with 86.6%.

![Monthly survival rate in grafts with scions from the pure species *Pinus engelmannii* and from the *P. engelmannii × P. arizonica* hybrid for each treatment, in the first four months of evaluation.\
Where: SUPTC, scion grafts from the upper third of the pure-species tree crown; SMPTC, scion grafts from the middle third of the pure-species tree crown; SUHTC, scion grafts from the upper third of the hybrid tree crown; SMHTC, scion grafts from the middle third of the hybrid tree crown. No significant differences were found between treatments in any separate month of evaluation. The whiskers represent the standard error of each treatment.](peerj-08-8468-g003){#fig-3}

On the other hand, scion graft treatments from the middle third of the pure species tree crown and scion grafts from the upper third of the hybrid tree crown had 90.0% and 93.3% survival, respectively. In the first monthly evaluation no significant differences were found between treatments (*p* = 0.390).

In the 2nd month of evaluation, scion treatments from the upper third of the pure-species tree crown and scions from the middle third of the pure-species tree crown, showed a survival of less than 80%. In contrast, scion grafts from the middle third of the crown of hybrid trees survived in their entirety, while the survival in the treatment of scion grafts from the upper third of the crown of hybrid trees was 93.3%; even so, no significant differences were found (*p* = 0.126).

In the 3rd month of evaluation, survival decreased to 66.6% for both scion treatments of pure species-donor trees; the treatment with the highest survival was that of grafts made with scions from the upper third of the crown of hybrid trees with 93.3%. The survival of the scion grafts from the middle third of the crown of hybrid trees decreased from 100% to 86.6% in the third month of evaluation; however, the four treatments were statistically equal (*p* = 0.128).

Survival decreased in the four treatments in the fourth month of evaluation, when the best treatment was that of scion grafts from the upper third of the crown of hybrid trees, with survival at 86.6%, however, the treatments continued without showing significant differences (*p* = 0.132).

Five months after grafting, survival varied from 86.6% to 13.3% among the treatments evaluated, with significant differences after the Bonferroni correction (*p* \< 0.0083) between treatments. The grafts with better results occurred in the materials with hybrid tree scions ([Fig. 4](#fig-4){ref-type="fig"}). In the two treatments where the effect of the position of the scion in the crown of the hybrid donor trees was separately evaluated, the results were statistically the same. On the other hand, the successful sprouting of the graft achieved with hybrid scions taken from both positions of the crown, was statistically superior to the grafting performed in the two treatments in which pure species donor tree scions were used. Significant differences were not found (*p* ≥ 0.0083) when the comparison was made just between grafts made with scions taken from the two crown positions of pure species donor trees ([Fig. 4](#fig-4){ref-type="fig"}).

![Monthly survival rate in grafts with scions from the pure species *Pinus engelmannii* and from the *P. engelmannii × P. arizonica* hybrid for each treatment, in the fifth month of evaluation.\
Where: SUPTC, scion grafts from the upper third of the pure-species tree crown; SMPTC, scion grafts from the middle third of the pure-species tree crown; SUHTC, scion grafts from the upper third of the hybrid tree crown; SMHTC, scion grafts from the middle third of the hybrid tree crown. Different letters indicate significant differences between treatments (*p* \< 0.0083). The whiskers represent the standard error of each treatment.](peerj-08-8468-g004){#fig-4}

Pearson's correlation test and stepwise regression to adjust the logit and Weibull models
-----------------------------------------------------------------------------------------

A Pearson's correlation test indicated that there is highly significant collinearity only between the height of the rootstock and height of the graft, so it was decided to exclude the RH variable in the adjustment of the Logit and Weibull models and include graft height, since the literature on *Pinus* grafts indicates that this last variable influences survival ([@ref-23]). However, the stepwise regression applied to select variables to adjust the Logit and Weibull models, indicated that none of the graft variables was useful to describe the probability of survival significantly and not affected the probability of graft mortality ([Table 2](#table-2){ref-type="table"}), since the only predictor variable that showed significant effect was the type of scion's donor tree.

10.7717/peerj.8468/table-2

###### Stepwise regression to select variables to adjust the Logit model and the Weibull accelerated failure time model.

![](peerj-08-8468-g008)

  Variables                      Number of variables   AIC
  ------------------------------ --------------------- -------
  TDT, SPC, SL, SD, RD, GH, GD   7                     135.5
  TDT, SPC, SD, RD, GH, GD       6                     133.6
  TDT, SPC, SD, RD, GD           5                     132.4
  TDT, SPC, RD, GD               4                     131.1
  TDT, SPC, GD                   3                     130.0
  TDT, GD                        2                     129.2
  TDT                            1                     129.0

**Note:**

AIC, Akaike information criterion; TDT, Type of scion donor tree; SPC, Position of the scion in the donor tree crown; SL, Length of the scion; SD, scion diameter; RD, Diameter of the rootstock at the root crown; GH, Graft height; GD, Rootstock diameter at graft height.

Odds ratio for graft survival according to the logit model
----------------------------------------------------------

It was found in the Logit model that the intercept and the coefficient of the variable "type of scion donor tree" were highly significant (*p \<* 0.0001) after the Bonferroni correction, in terms of the mortality of *P. engelmannii* grafts ([Table 3](#table-3){ref-type="table"}). The probability *p*(*x*~i~) of graft survival rates for each type of scion donor tree, during the evaluation period, is illustrated in [Fig. 5](#fig-5){ref-type="fig"}.

10.7717/peerj.8468/table-3

###### Level of significance of the Logit model estimators with respect to death probability of grafts of trees of the pure species of *Pinus engelmannii* and the *P. engelmannii* × *P. arizonica* hybrids.

![](peerj-08-8468-g009)

  Parameter                                                       Estimator   \|z\|   *p* \< \|z\|
  --------------------------------------------------------------- ----------- ------- --------------
  Intercept (α)                                                   −1.09       0.68    \<0.0001
  Coefficient of the "type of scion donor tree" (β~1~) variable   2.70        0.45    \<0.0001

![Graft survival probability diagram (in logarithmic basis) with scions from trees of the pure species of *Pinus engelmannii* and from *P*. *engelmannii* × *P*. *arizonica* hybrids.](peerj-08-8468-g005){#fig-5}

The probability dispersion diagram ([Fig. 5](#fig-5){ref-type="fig"}) indicates a different decreasing rate of the probability of graft survival, between the analyzed hybrid trees and trees of the pure species trough time. In the probability diagram, it is possible to verify that due to the positive value of the β~1~ coefficient of the "type of scion donor tree" predictor variable ([Table 3](#table-3){ref-type="table"}), the probability of survival increases by increasing the predictor variable *x*~i~ by one unit, that is to say when increasing from *x*~0~ = 0 (trees of the pure species) to *x*~1~ = 1 (hybrid trees). The probability of graft survival with pure-species tree scions (*p*(*x*~0~)) was 25%, while the probability of graft survival with hybrid tree scions (*p*(*x*~1~)) was 83.3% at the end of the 5 month evaluation period.

At the end of the evaluation, the number of live specimens were 50 grafts with scions from hybrid-donor trees and 15 grafts with scions from trees of the pure species; meanwhile, there were 10 and 45 dead grafts with scions from hybrids and trees of the pure species, respectively. The estimated odds ratio ([Eq. 3](#eqn-3){ref-type="disp-formula"}) for the variable "type of scion donor tree" was 15.0, which was obtained with the following operation, which uses the relative frequencies of live and dead grafts by treatment:$$\documentclass[12pt]{minimal}
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Note that because the numerator variable *a* represents the relative frequency of living grafts with scions from hybrid-donor trees, the result of the equation means that the odds ratio (proportion) of successful grafts made with scions from hybrid-donor trees, in the long run after the evaluation period, will be 15 to one with respect to grafts made with pure species-donor tree scions.

Survival probability of *P. engelmannii* grafts according to the AFT model and Weibull risk function
----------------------------------------------------------------------------------------------------

The AFT model was highly significant for predicting the average survival time elapsed until the occurrence of the death event of one or more of the grafts that reached alive up until the end of the evaluation period. In addition, all parameters of the AFT model were highly significant even after the Bonferroni correction ([Table 4](#table-4){ref-type="table"}).

10.7717/peerj.8468/table-4

###### Estimation of the Weibull accelerated failure time model parameters to predict the graft survival time.

![](peerj-08-8468-g010)

  Parameter                                                    Estimator   \|z\|   *p* \< \|z\|
  ------------------------------------------------------------ ----------- ------- --------------
  Intercept (α)                                                5.0456      61.92   \<0.0001
  Coefficient of the "type of scion donor tree" (δ) variable   1.0595      4.80    \<0.0001
  Scale (σ)                                                    0.5460      −4.96   \<0.0001

According to the coefficient value δ of the "type of scion donor tree" variable, and when applying the exponent (*e*^(1.06)^ = 2.88), it is interpreted that when the *x* variable takes the value of 1 (hybrid-donor trees), the survival time *T* increases at a rate of 2.88 compared to what happens when *x* = 0 (pure species-donor trees). When developing the AFT model ([Eq. 4](#eqn-4){ref-type="disp-formula"}), with the estimated parameters ([Table 4](#table-4){ref-type="table"}) it was obtained that the estimated survival time for grafts with scions from pure species-donor trees is 156 days on average, while the graft survival time with scions from hybrid-donor trees is 450 days on average. In other words, it is estimated that the death of at least one graft would occur at 156 days in the case of scions from trees of the pure species and up to 450 days among the grafts of hybrid tree scions.

Depending on the *T* results mentioned above, the difference in survival between treatments will increase as time *T* also increases. The high statistical significance (*p* \< 0.0001) of the two parameters (α and σ) and the coefficient δ shown in [Table 4](#table-4){ref-type="table"}, allows accepting that the AFT model is significant and therefore, its parameters can be used to estimate the risk function ([Eq. 5](#eqn-5){ref-type="disp-formula"}) and to estimate the hazard ratio ([Eq. 9](#eqn-9){ref-type="disp-formula"}) of graft mortality, as a function of the type of scion donor tree. The parameters obtained for the Weibull risk function (*h*(*t*)) are shown in [Table 5](#table-5){ref-type="table"}.
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###### Estimation of Weibull risk function parameters, to assess the risk of death in pine grafts, according to the type of donor tree.

![](peerj-08-8468-g011)

  Parameter                                                    Estimator
  ------------------------------------------------------------ ----------------
  Form parameter (λ)                                           9.69 × 10^−05^
  Scale parameter (γ)                                          1.83
  Coefficient of the "type of scion donor tree" (β) variable   −1.94

When applying [Eq. (9)](#eqn-9){ref-type="disp-formula"}, the hazard ratio at a time *t* = 150 days for the "type of scion donor tree" variable was 0.14 when referring to hybrid trees, while the hazard ratio in relation to scions donated by trees of the pure species is much higher (1.22). Whereby, the risk of graft death when using hybrid-donor tree scions is reduced by 86% ((1.0 minus hazard ratio) (100) = (1 − 0.14) (100) = 86). This risk of death, depending on the "type of scion donor tree" variable, is represented in the diagnostic diagram of the Weibull model ([Fig. 6](#fig-6){ref-type="fig"}).

![Diagnosis diagram of the accumulated hazard ratio in the five month evaluation time, according to the Weibull regression.](peerj-08-8468-g006){#fig-6}

The cumulative risk of death of grafts with pure species-donor tree scions is greater during the entire evaluation period compared to graft survival when using hybrid tree scions. The cumulative risk of death of grafts with hybrid tree scions was only 0.14 at 5 months of evaluation. The differences are notorious in the risk of death between treatments, since the accumulated hazard ratio curves are not intercepted at any point in the diagram.

Discussion
==========

In this side veneer grafting experiment a general survival of 54% (including all treatments) was obtained. Propagating *Pinus* and other coniferous species through grafting techniques has been viable in several experiments, obtaining survival results that range between 50% and 80% ([@ref-34]; [@ref-27]; [@ref-2]). Interspecific grafting is an alternative to improve propagation results by this means, in species that have been difficult to graft by intraspecific methods ([@ref-7]). In two of the four treatments evaluated in our research, survival of at least 80% was obtained; the two treatments with this survival were those of grafts made with scions from *P. engelmannii* × *P*. *arizonica* hybrids. In this study, the results are similar to those obtained by [@ref-27], who reported 86% survival in *Abies fraseri* (Pursh) Poir, in top cleft grafts at 4 months of evaluation. A similar success rate (53.8% at 6 months of evaluation) was obtained by [@ref-23] in side-veneer grafts of *Pinus leiophylla* Schiede ex Schltdl. *et* Cham. On the other hand, in a top cleft-grafting experiment of *Pinus sylvestris* L., a 75% survival was obtained in the first year after grafting ([@ref-2]). Also, [@ref-3] reported a survival of 84.7% 6 months after the grafting of *P. sylvestris*, using the top cleft-grafting technique. In side-veneer grafts of *P. engelmannii*, a 22.5% survival rate was reported at 6 months of grafting ([@ref-53]).

In the present experiment, significant differences were observed between the graft of pure species-donor and hybrid-donor trees at 5 months of evaluation, with greater survival in the grafts of scions taken from hybrid trees. In the final evaluation (5 months) of our study, an 83% survival was observed in grafts made with *P. engelmannii* × *P*. *arizonica* hybrid scions, while in grafts with scions taken from pure species *P*. *engelmannii*, a survival was achieved of only 25%. However, research on the use of *Pinus* hybrids for graft propagation is scarce; in top cleft grafts of *Pinus palustris* Mill. × *P. elliottii* Engelm. var. *elliottii* hybrids on *P. palustris* rootstocks, [@ref-34] reported a 72% survival rate 1 year after grafting.

Although there were no significant differences in the first 4 months of evaluation, we observed that the survival percentage was always higher in the treatments with scions from hybrid-donor trees ([Fig. 3](#fig-3){ref-type="fig"}). This suggests that the scions taken from hybrid trees may have a greater potential for graft adaptation and healing, than the scions taken from trees of the pure species, when both are grafted on rootstock from pure species *P. engelmannii*.

The importance of the study of forest areas that have experienced hybridization has be pointed out, especially in order to identify the advantages of using hybrids for adaptation to extreme environments in which trees of the pure species have less vigor, a solution that can be used in reforestation programs ([@ref-81]; [@ref-36]; [@ref-73]). Several studies also indicate that the vigor in plant species may be greater in hybrid offspring, at least in the first generation of hybridization ([@ref-15]; [@ref-77]; [@ref-80]). [@ref-5] in their work on hybrid stands of trees in Durango, México, in which the degree of hybridization between *P. engelmannii* × *P. arizonica* was studied, indicate that these hybrids may have the potential for adaptation in drought conditions.

Some authors consider that the presence of hybrids in seed stands decreases the genetic gain of the progeny ([@ref-4]; [@ref-57]; [@ref-74]). However, other authors recognize the importance of studying the effect of hybrids in breeding programs ([@ref-36]; [@ref-46]; C. Wehenkel et al., 2020, unpublished data). [@ref-37] reported that the *Pinus patula* Schltdl. & Cham. × *P*. *tecunumanii* F. Schwedtf. ex Eguiluz *et* J.P.Perry hybrids, showed little resistance to frost. However, [@ref-46] found better increments and adaptability of the hybrid *P. elliottii* var. *elliottii* × *P. caribaea* var. *hondurensis*, when planted in regions suitable for the establishment of the pure species *P. elliottii*, in Brazil. In this sense, and according to our results, although there are no differences between the growth and vigor of the scions' donor trees, progeny tests should be performed to determine the hybrids' potential for establishing ASO, for obtaining appropriate seeds for the production of plants in the nursery, which would serve for improving the establishment of commercial forest plantations in disturbed areas. On the other hand, it is advisable to carry out studies to determine the viability of the use of hybrids for vegetative propagation, provided there is evidence that hybrid trees show better adaptation and development characteristics than pure species-parent trees ([@ref-36]; [@ref-56]).

In this work, only the effect of the scions from trees of the pure species of *P. engelmannii* and hybrids of *P. engelmannii* × *P. arizonica*, grafted onto pure species *P. engelmannii* rootstocks was evaluated, finding that the best combination was to graft hybrid scions onto pure species rootstocks. In a graft experiment by *Larix gmelinii* (Rupr.) Rupr. var. *japonica*, it was found that when using *L. gmelinii* var. *japonica* × *L. kaempferi* (Lamb.) Carr. hybrid rootstocks, survival was 92.6% in the first year of grafting, because the scions from trees of the pure species were very compatible with hybrid rootstocks ([@ref-31]). In our study, a similar percentage of survival (83.3%) was found in grafts made with scions from *P. engelmannii* × *P. arizonica* hybrid trees on pure species *P. engelmannii* rootstocks ([Fig. 4](#fig-4){ref-type="fig"}). [@ref-38] performed grafts on *Larix decidua* Mill. × *L. kaempferi* hybrid rootstocks using three types of scions: Hybrid scions from *L*. *decidua* × *L. kaempferi*, scions from the pure species *L. decidua* trees and scions from the pure species *L. Kaempferi* trees, and found that the grafts with pure-species tree scions from both species were the best. They concluded that the success in graft survival in the genus *Larix* was not favored by the use of scions from hybrid trees. This situation contrasts with the results found in the present study, where better survival was obtained in grafts made with hybrid tree scions.

In our study, we consider that a possible cause of the high mortality (and potential incompatibility) in the pure species grafts is a result of the high presence of resin channels in *P. engelmannii* trees. This conclusion was reached, based on the work of [@ref-53], who found that a greater number of resin channels in the pure species *P*. *engelmannii* scions corresponded to a diminished survival of side-veneer grafts. In addition, [@ref-78] indicate that trees with fewer stomata in the needles are more resistant to stress; and *P*. *arizonica* contains fewer stomata in the needles than *P*. *engelmannii* ([@ref-19]), which could have affected the degree of compatibility in the graft between the *P. engelmannii* × *P. arizonica* hybrid scion and the pure species *P. engelmannii* rootstock.

In this work, no significant differences were found between the grafts with scions from the upper third of the crown compared to the middle third, neither in hybrid-donor trees nor in pure species-donor trees. In contrast, [@ref-28], found that the survival rate of *Pinus sylvestris* grafts was 96% when grafting scions from the top of the crown, while scion grafts from the bottom of the crown had a survival rate of 82%. Also, in *Abies fraseri* top cleft grafts, a 90% survival rate with scions taken from the top of the crown was achieved; results that were statistically different (*p* \< 0.05) with respect to the survival rate achieved in grafts with scions from the bottom part of the crown, which ranged between 50% and 70% ([@ref-27]).

In our results, there were no significant differences between the different positions of the scions in the pure species tree crown (*p* = 0.73). However, a trend was observed for a greater survival in grafts with scions from the middle third of the crown, compared to the upper third ([Fig. 4](#fig-4){ref-type="fig"}). Further studies are necessary to verify the possible effect of the scions' position on the tree crown on the success of grafting in *P. engelmannii* and other species of the same genus. [@ref-60] reported that the *Abies fraseri* scions from the lower zone of the crown were better for achieving the propagation of this species by rooting stem cuttings. Although grafts and cuttings are different vegetative propagation techniques, there are species like *Pinus leiophylla* that have been propagated by both methods, and some of the factors that have influenced their success are similar ([@ref-13], [@ref-14]).

The graft variables of the scions and rootstocks showed no significant effects on the probability of graft death in this study, as the stepwise regression revealed that none of the graft variables significantly affected graft survival ([Table 2](#table-2){ref-type="table"}). This may mean that the survival of grafts from pure species *P*. *engelmannii* and *P*. *engelmannii* × *P*. *arizonica* hybrids is not affected by the diameter and length of the scions and rootstocks, nor by the height and diameter of the section where the graft is tied. On the other hand, significant differences were found only in relation to the type of scion donor tree ([Table 1](#table-1){ref-type="table"}).

However, [@ref-23] found that, in *Pinus leiophylla* side-veneer grafts, there was greater success when grafting at a height close to the base of the rootstock (5--10 cm) with a 53% survival rate. In another *P. leiophylla* grafting experiment, it was found that when the diameter of the rootstock was larger, the quality and development of the grafts were higher ([@ref-22]). In future studies, it will be important to use rootstocks and scions of different ages and sizes to conduct studies on the effect of the dasometric characteristics of the rootstocks and scions on the grafting success of *P*. *engelmannii* and other species of *Pinus*.

Furthermore, satisfactory results were found in this study in the adjustment of the Logit model and the Weibull risk function to obtain the odds ratio and the hazard ratio respectively, which allowed estimating the graft survival and death probabilities depending on the "type of scion donor tree" variable. It should be noted that the use of survival models in research concerning commercial forest plantations or vegetative propagation of conifers has been very scarce ([@ref-63]). The only recent work found in this regard is that of [@ref-53], who reported that it was possible to estimate the hazard ratio for grafts with donor tree scions of different ages, with the adjustment of the Cox proportional hazards model.

Survival models were very useful for calculating the estimated average survival time of the grafts that remained alive until the end of the evaluation period. Furthermore, knowing the effect of the variables studied through the odds ratio and the hazard ratio will be very useful for decision making in subsequent research.

It is advisable to continue investigating the factors involved in the success or failure of graft propagation of *Pinus* species, at least those of greater economic or environmental importance, with a view to forming asexual and clonal seed orchards. The results obtained in this study can serve as a basis for future work in this area of research.

Conclusions
===========

The sprouting of grafts on pure species *P. engelmannii* rootstocks was better when using scions from *P. engelmannii* × *P. arizonica* hybrid-donor trees. By contrast, using scions from the trees of the pure species increased the probability of death of grafts of this species. The lower survival rate in grafts made with scions from trees of the pure species was noticeable from the third month of grafting, which may indicate that mortality in grafts with scions of the trees of the pure species occurs earlier than the mortality of grafts with hybrid tree scions.

The position of the scions in the crown of hybrid or pure species-donor trees did not show significant effects on the evaluated treatments. As a result, the success rate may be similar when grafting with scions collected from any part of the tree crown of the analyzed species. Furthermore, the dimensions of the graft variables evaluated in the scions and grafted rootstocks seemed not have influenced the probability of graft survival.

The adjustment of the Weibull AFT model made it possible to predict that there is a greater probability of death when using scions of pure species *P. engelmannii* trees. Adjustment of the Logit model also allowed for obtaining the odds ratio for survival, in response to the aforementioned variable, observing that there is greater success in grafting when using scions taken from hybrid *P*. *engelmannii* × *P*. *arizonica* trees.
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